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This  paper  focuses  on  the  characterisation  of  the  electrochemical  behaviour  of  a  martensitic  stainless  steel
in  0.1 M  NaCl  +  0.04  M  Na2SO4 solution  and  is  a part  of  a study devoted  to crevice  corrosion  resistance
of  stainless  steels.  Polarisation  curves  and electrochemical  impedance  measurements  were  obtained  for
different  experimental  conditions  in  bulk  electrolyte.  X-ray  photoelectron  spectroscopy  (XPS) was used
to  analyse  the  passive  films. At  the  corrosion  potential,  the  stainless  steel  was  in  the  passive  state  and  the
corrosion  process  was controlled  by the  properties  of the  passive  film  formed  during  air  exposure.  During
immersion  in  the  deaerated  solution,  the  passive  film  was only  slightly  modified,  whereas  it was  altered
both  in composition  and  thickness  during  immersion  in  the aerated  solution.  After cathodic  polarisation  of
the  stainless  steel  electrode  surface,  the  oxide  film  was almost  totally  removed  and the  surface appeared
to  be  uniformly  active  for  oxygen  reduction.  The new  passive  film,  formed at the  corrosion  potential,  was
enriched  with  iron  species  and less  protective.  Impedance  diagrams  allowed  the  characterisation  of  both
the  oxide  film  (high-frequency  range)  and the  charge  transfer  process  (low-frequency  range).
1. Introduction
Martensitic stainless steels are mainly used for applications
where high  mechanical performance is  required [1,2]. However,
due to their low chromium content, they are relatively sensitive
to localised corrosion, particularly crevice corrosion encountered
in confined environments. In these areas, oxygen is progressively
consumed and cannot be renewed by  diffusion or convection. Out-
side the confined area, the cathodic reaction of oxygen reduction
still occurs on the metal surface, whereas, in the confined area, the
metal surface becomes the anode. The corrosion process leads to  a
modification of the chemical composition of  the electrolyte in the
crevice with simultaneous acidification and increase of  chloride ion
concentration [3]. These new local conditions induce depassivation
of the stainless steel and lead to severe corrosion. The crevice corro-
sion resistance of the stainless steels is strongly dependent on the
passive film properties [4]. The substrate (nature and content of
alloying elements), the environment (aerated, deaerated, neutral,
acidic or alkaline) and also specific experimental conditions (e.g.
anodic polarisation) affect both the chemical composition and the
structure of the passive layer [4–8]. To  obtain a better knowledge
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of  the passive films formed on stainless steels, many studies have
been devoted to chemical analysis by X-ray photoelectron spec-
troscopy (XPS) [9–14]. In  neutral or alkaline environments, passive
films are often described as duplex layers with an inner part which
is  enriched in chromium oxide and an outer part, in contact with
the electrolyte, enriched in elemental iron (oxides and hydroxides)
[12,14].
To reduce the air-formed oxide film, the stainless steels surface
was often cathodically polarised, particularly to  investigate passiv-
ity by Mott–Schottky analysis [15–20]. It  was also reported that
the reproducibility of electrochemical measurements performed
on  passive films was improved after cathodic polarisation [21,22].
However, the influence of  this procedure on the formation of  the
new passive film in  an electrolytic solution was not  clearly indi-
cated.
The corrosion behaviour of  the stainless steels is commonly
assessed by  using electrochemical impedance spectroscopy (EIS)
because, covering a wide frequency range, EIS yields information
on different processes occurring on the metal/oxide/electrolyte
interface. The impedance data obtained on stainless steels were
generally analysed by using various equivalent circuits to extract
quantitative parameters. However, the different elements used in
the  circuits were not attributed to the same phenomena. Andrade
et  al. [23] studied the electrochemical behaviour of  steel rebars
in  concrete and the influence of  environmental factors (CaCl2
or  NaNO2). The impedance diagrams presented only  one time
constant, but the experimental data were modelled using two
http://dx.doi.org/10.1016/j.electacta.2012.09.011
hierarchical parallel RC circuits to obtain better agreement with the
experimental data. The high-frequency time constant was associ-
ated to the corrosion process (double layer capacitance in parallel
with the  charge transfer resistance) and the low-frequency time
constant was correlated to redox processes taking place in the pas-
sive layer. These processes involve the oxidation of  the corrosion
products Fe(OH)2 to form magnetite (Fe3O4) [23]. The magnetite
can also be partially oxidised to g-FeOOH [14,23] and chemically
reduced to g-Fe2O3 [24].  Abreu et al. [21,24] studied the elec-
trochemical behaviour of  AISI 304L stainless steel in  a  deaerated
0.1 M NaOH solution. They used a  hierarchical arrangement of  three
stacked RC pairs. The high-frequency time constant was correlated
to the metal/film interface. The medium and low-frequency time
constants were associated to the redox processes. Freire et al. stud-
ied the passive behaviour of  AISI 316 stainless steel in alkaline
aerated media [14]. According to  the authors, the high-frequency
time constant can be correlated with the charge transfer process or
to the barrier properties of  the passive film. The low-frequency time
constant was associated to  the redox or  to  the interfacial processes.
For AISI 304 in alkaline solutions with different pH and in the pres-
ence of chlorides, the high-frequency time constant was assigned
to the areas covered with the passive film (protective oxide); the
low-frequency time constant was correlated with the active surface
area (film defects or pores in the absence of chlorides and active pits
in the presence of  chlorides) [25]. Recently, a  model which involved
the presence of low-conductivity (chromium rich regions of insu-
lating character) and high-conductivity (iron rich regions based
on magnetite of conducting character) oxide areas over the metal
substrate was considered to analyse the impedance data obtained
on AISI 316L in sodium hypochlorite and peracetic acid solutions
[26]. From recent literature, it appears that the impedance analysis
on passive films still remains a  subject open to discussion [25]. It
can be mentioned that the main references cited above, concerned
impedance results for stainless steels in alkaline media with or
without chlorides. The impedance diagrams were relatively similar
to those obtained in the present study in  neutral chloride solutions
and thus, our data can be compared with the results obtained in
alkaline media.
The present work was designed to obtain a better knowledge
of the electrochemical behaviour of  a  martensitic stainless steel
in a neutral chloride electrolyte. To our knowledge, no studies
have been reported in  the literature concerning the corrosion
behaviour of  martensitic stainless steel. Polarisation curves were
plotted and impedance measurements carried out using a  rotating
disk electrode (500 rpm). Impedance diagrams were obtained both
at the corrosion potential and in the anodic and cathodic ranges.
Since the martensitic stainless steels are sensitive to crevice corro-
sion, particular attention was paid to the influence of  oxygen and
experiments were performed in  aerated or deaerated media. The
influence of the surface state (cathodic polarisation) on the devel-
opment of the passive film was also investigated. XPS analyses were
carried out to  determine the chemical composition of the films.
2. Experimental
2.1. Material
The composition in  weight percent of  the X12CrNiMoV12-3
martensitic stainless steel was C =  0.12, Cr =  11.5, Ni = 2.5, Mo =  1.6,
V = 0.3 and Fe  to balance.
2.2. Electrochemical measurements
The electrochemical measurements were performed using a
conventional three-electrode cell. It  contained a  platinum grid, a
saturated calomel reference electrode (SCE) and a rod of  the stain-
less steel, of 1  cm2 cross-sectional area, used as  working electrode
(rotating disk). The body of  the rod was covered with a  heat-
shrinkable sheath leaving only the tip of the cylinder in contact with
the solution. Prior to  any experiment, the electrode was ground
with successive SiC papers and diamond paste (grade 1000–3 mm),
rinsed and sonicated with ethanol and finally dried in  warm air.
The electrode rotation rate was fixed at 500 rpm.
The corrosive medium was prepared from distilled water by
adding 0.1 M  NaCl +  0.04 M Na2SO4 (reagent grade). The addition
of sulphate ions enabled limitation of  the increase of  the anodic
current density when pits started to  form at anodic potentials. The
inhibitive effect of SO4
2− anion on pitting corrosion is well known
[27,28]. For deaerated experiments, the electrolytic solution was
initially purged with nitrogen for 1 h and then, the working elec-
trode was introduced into the cell. N2 bubbling was maintained
during the experiment.
Polarisation curves were plotted under potentiodynamic reg-
ulation using a  Solartron 1287 electrochemical interface. The
cathodic and anodic branches were plotted either consecutively,
starting from the cathodic potential of  −1  V/SCE, or  independently
from the corrosion potential (Ecorr). In both cases, the curves
were obtained at a potential sweep rate of 0.6 V/h. Electrochem-
ical impedance measurements were carried out using a Solartron
1287 electrochemical interface connected with a  Solartron 1250
frequency response analyser. Impedance diagrams were obtained
over a frequency range of 65  kHz to  a few mHz with eight points
per decade using a  15 mV peak-to-peak sinusoidal voltage. The lin-
earity of the system was checked by varying the amplitude of the
ac  signal applied to  the sample. The electrochemical results were
obtained from at least three experiments to ensure reproducibility.
The impedance spectra were fitted by  using electrical equivalent
circuits with Z-view impedance software.
2.3. XPS analysis
The XPS measurements were carried out  on a  K-alpha Thermo
Scientific spectrometer. The samples were prepared by the same
procedure as  for the electrochemical experiments. After 17 h of
immersion, the stainless steel sample was removed from the solu-
tion, rinsed with ethanol then dried in  warm air and placed in  a
vacuum chamber. The specimens were irradiated with the AlKa
ray  source (h = 1486.6 eV). The X-ray power was 300 W. Angle-
resolved measurements were made at a  take-off angle  =  90◦ (e.g.
normal to the metal surface). The surface area analysed was about
1  mm2. The experimental resolution of  the binding energy was 1  eV.
The Shirley method was used for background subtraction and peak
deconvolution was performed using Thermo Avantage software.
Binding energies were corrected for possible charging effects by
referencing to the C1s (284.8 eV) peak. For  each sample, three dif-
ferent analyses were performed to verify the homogeneity of  the
layer composition.
3.  Results
First, polarisation curves and impedance measurements at the
corrosion potential (Ecorr) were carried out  for three different
experimental conditions: aerated medium, deaerated medium and
in aerated medium after a  cathodic polarisation for 1  h at −1 V/SCE.
This last  condition was applied to partly or totally reduce the oxide
film naturally formed during air exposure. Then, impedance mea-
surements were performed in the aerated solution, for different
anodic and cathodic overpotentials. To characterise the initial state
of  the native oxide film before immersion in the aggressive solu-
tion, XPS analysis was performed on a  sample just after polishing
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Fig. 1.  Corrosion potential of X12CrNiMoV12-3 martensitic stainless steel as a func-
tion  of time, (A) in deaerated 0.1 M NaCl + 0.04 M Na2SO4 solution, (B) in aerated
solution and (C) after a cathodic polarisation (−1 V/SCE, 1 h) in aerated solution.
and cleaning. Then, XPS analyses were carried out on two different
samples after 17  h of  immersion in the aerated electrolyte with and
without the surface treatment (polarisation at −1 V/SCE).
3.1. DC measurements
Fig. 1 illustrates the variation of the free corrosion potential,
Ecorr, of the stainless steel dipped into the aggressive solution
for the three experimental conditions. In all cases, the shape
of the curves is  similar. During the first 5  h of immersion, Ecorr
increases significantly with time and then progressively stabilises
after 15–20 h  of immersion. The time required to reach the sta-
tionary state is  relatively long (one day) which is  in agreement
with different works reported in  the literature for different types
of stainless steel [14,29,30]. The values of  Ecorr,  after 23  h of  immer-
sion, are −0.16 V/SCE for the sample in  deaerated solution (curve
A), −0.06 V/SCE for  the sample in  aerated medium (curve B) and
0.17 V/SCE for the sample after cathodic polarisation in aerated
medium (curve C). The shift of Ecorr in the cathodic direction,
observed in deaerated medium, is  attributed to the decrease of  the
cathodic current density. In aerated medium, Ecorr strongly depends
on the surface state. After 23 h of  immersion, it was shifted by about
230 mV in the anodic direction when the electrode was polarised
at −1 V/SCE (curve C) by  comparison with the sample which was
not previously polarised (sample B).
Fig. 2  shows the polarisation curves for the martensitic stain-
less steel obtained after 2  h of immersion in  aerated medium and
plotted either from Ecorr or from −1 V/SCE to Epit.  The curves dif-
fer according to the  potential scan. In the cathodic domain, when
the curve is plotted from Ecorr, a  pseudo plateau due to oxygen
reduction is observed around −0.7 to −0.8 V/SCE. Then, at about
−0.8 V/SCE, an increase of the cathodic current density is observed.
This behaviour is explained by the contribution of the cathodic
reduction of  the oxide film formed during immersion [31,32]. This
is confirmed by  the  fact that when the curve is plotted from the
cathodic potential, the current density is significantly higher and its
value at −1 V/SCE (100 mA  cm−2) corresponds to that obtained on a
uniformly active surface according to the Levich theory [33]. Thus,
it can be concluded that in  the present study, during the cathodic
plot from −1 V/SCE to  Ecorr or when the electrode is  polarised at
−1 V/SCE, most of the oxides are reduced and the surface becomes
totally active for  oxygen reduction.
In  the anodic domain, for both curves, a  passivity plateau is
observed before an abrupt increase of  the current density due to
the breakdown of the passive film and to the development of pits.
The anodic current density for the curve plotted from −1 V/SCE
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Fig. 2. Polarisation curves obtained for the martensitic stainless steel after  2 h  of
immersion in the aerated solution: (d) from Ecorr (the cathodic and anodic branches
were obtained separately) and (©) from −1  V/SCE to Epit (the cathodic and anodic
branches were obtained consecutively).
(0.4 mA cm−2) is of  the same order of magnitude as that measured
for the curve plotted from Ecorr (0.7 mA  cm−2). In addition, the dif-
ference in  the pitting potential (Epit) is not significantly modified for
the two experimental procedures. Generally, the pitting potential
is not a reproducible parameter [34].
Fig. 3 compares the polarisation curves for the martensitic stain-
less steel obtained after 17  h of immersion at Ecorr in  aerated and
deaerated electrolytes. The cathodic current density is  lower and
Ecorr is shifted towards cathodic values when the medium is  deae-
rated. The anodic current density on the plateau is approximately
the same in both media (0.5–0.6 mA cm−2). In deaerated electrolyte,
the passivity plateau is larger due to the shift of  Ecorr in the cathodic
direction. In these two curves, the difference observed in Epit can-
not be discussed as mentioned earlier. However, it can be seen,
by comparison with the anodic curve plotted after 2  h of immer-
sion (Fig. 2), that Epit is shifted towards more anodic values after
17  h of immersion indicating a  modification of the passive film with
increasing immersion time. From Fig. 3, it can be concluded that
the  anodic branches are  relatively similar in  aerated and deaerated
media. The anodic branch plotted after a  preliminary polarisation
at −1 V/SCE and 17  h of immersion at Ecorr is also reported in  Fig. 3
and reveals both an increase of  the anodic current density to reach
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Fig. 3. Polarisation curves obtained for the martensitic stainless steel after 17 h  of
immersion:  (©) aerated medium, (d) deaerated medium and (×) after a  cathodic
polarisation  at −1 V/SCE in aerated medium (in all cases the cathodic and the anodic
branches were obtained separately).
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Fig. 4.  Electrochemical impedance diagrams obtained at Ecorr after different hold
times  in the aerated solution.
about 2 mA cm−2 and a short passivity plateau by comparison with
the two other curves.
3.2. Electrochemical impedance measurements
In this section, impedance measurements were first performed
at Ecorr under the same experimental conditions as the polarisation
curves (aerated and deaerated media, and with a  pre-polarisation
of the electrode at −1 V/SCE). Fig. 4 shows the impedance diagrams
plotted versus immersion time in  the aerated solution after surface
polishing only. Independently of  the immersion time, the diagrams
are characterised by two time constants. The two time constants are
better defined and the impedance modulus in the low-frequency
range increases with the immersion time. For longer immersion
times (>17  h), the  impedance diagrams are relatively similar and
are not reported here. The impedance diagrams were also obtained
for the martensitic stainless steel after polarisation at −1 V/SCE and
for different immersion times at Ecorr in the aerated solution. In this
case, the diagrams are poorly dependent on the immersion time and
only the diagram obtained after 17  h of immersion is  shown in Fig. 5.
By comparison with the diagrams reported in Fig. 4, it can be  seen
that the two  time constants are better separated and the modulus at
low frequency is  of  the same order of  magnitude (about 106 cm2).
The impedance diagram obtained in  the deaerated solution for the
stainless steel after 17 h of  immersion at corrosion potential (Fig. 6)
shows that the time constant at low frequency disappears and it can
be noted that the impedance modulus at low frequency is approx-
imately the same as  in  aerated medium. Thus, it can be concluded
101
102
103
104
105
106
-80
-60
-40
-20
0
10-3 10-2 10-1 100 10 1 10 2 10 3 10 4 10 5
data
fit result
Im
p
e
d
a
n
c
e
 m
o
d
u
lu
s
 /
 Ω
 c
m
2
P
h
a
s
e
 a
n
g
le
 / d
e
g
re
e
Frequency / Hz
Fig. 5. Electrochemical impedance diagram obtained after a preliminary cathodic
polarisation at −1  V/SCE for 1 h  of  the stainless steel and then 17 h of immersion at
Ecorr (aerated solution).
that the low-frequency time constant is  linked to  the presence of
oxygen in the electrolytic solution.
El-Egamy and Badaway [27] have proposed an  equivalent cir-
cuit composed of an R//CPE element to describe the behaviour of
304 stainless steel in a  sodium sulphate solution. The time con-
stant was associated to the response of the passive film. This simple
model was used to  fit  the impedance data obtained in a deaerated
medium (Fig. 7a). Then, to take into account the presence of  the
second time constant in  the low-frequency range, an  additional
R//CPE circuit was introduced (Fig. 7b). The two  parts of  the circuit
were imbricated to  take into account the oxygen contribution and
the progressive modification of the passive film as described in  the
literature [35–37]. Thus, the time constant in  the high-frequency
range was attributed to  the oxide film (Rox, ˛ox and Qox)  and the
time constant in the low-frequency range was attributed to the
charge  transfer reaction: oxidation of  the substrate/oxygen reduc-
tion (Rt,  ˛dl and Qdl).
Some parameters (˛ox, Qox,  ˛dl and Qdl) were graphically
extracted [38]. The same values were obtained from the equiva-
lent circuits by the fitting procedure. The experimental diagrams
are well fitted with the equivalent circuits, as can be seen in
Figs. 4,  5 and 6.  Thus, the values of  the parameters can be  extracted
and discussed. They are reported in Tables 1, 2  and 3 correspond-
ing  to  Figs. 4,  5 and 6, respectively. For the different experimental
conditions, the ˛ox values are relatively similar (about 0.9) and
do not depend on the immersion time. The Qox values decrease
with immersion time for the three experimental conditions. This
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Fig. 6.  Electrochemical impedance diagram obtained at Ecorr after 17 h  of  immersion
(deaerated solution).
        
Table  1
Fitted parameters values obtained at Ecorr for the martensitic stainless steel  as a function of  the exposure time to  the aerated solution.
Immersion time (h) ˛ox ±0.3% Qox (M−1 cm−2)sa ±1% Rox (k cm2) ±11% ˛dl ±4% Qdl (M
−1 cm−2)sa ±12% Rt (k cm2)  ±5%
2 0.90 90 50  0.82 90  260
6 0.90  87 62 0.84 64  400
10 0.90  86 76 0.88 61  510
17  0.90 76 110 0.89 42  1680
Table 2
Fitted parameters values obtained at Ecorr for the martensitic stainless steel as a  function of  the exposure time to  the aerated solution (a cathodic polarisation at −1 V/SCE for
1  h was previously applied to  the stainless steel).
Immersion time (h) ˛ox ±0.2% Qox (M−1 cm−2)sa ±1% Rox (k cm2) ±5% ˛dl ±1.3% Qdl (M
−1 cm−2)sa ±1.3% Rt (k cm2)  ±3%
2 0.91 32  6.1  0.73 63 110
6 0.91 29 7.2  0.81 64 260
10 0.91 27  7.3  0.83 64 470
17  0.91 26  7.7  0.87 64 700
Fig. 7. Equivalent circuits used to  fit  the experimental impedance data  obtained in
(a)  deaerated and (b) aerated media.
indicates a  modification of the passive layer (thickening and/or
modification of the composition of the film). The values of  Qox
are relatively high  for oxide capacity. However, the CPE param-
eter, Q, cannot be  attributed to a  capacity. Similar values of Qox
were already reported for a Fe17Cr stainless steel [39]. To explain
the CPE behaviour, the authors proposed a  normal distribution of
local resistivity through the passive film with strong differences in
resistivity between the metal/film interface and the film/electrolyte
interface, due  to the semiconductor character of  the passive layer.
This analysis partly corroborates the recent work of Guitiàn et al.
[26]. The  decrease of Qox is  accompanied by  an  increase of  Rox with
increasing immersion time. In deaerated medium, the variations
of Rox and Qox with immersion time are limited by  comparison
Table 3
Fitted parameters values obtained at Ecorr for the martensitic stainless steel as a
function of the exposure time to the deaerated solution.
Immersion time (h) ˛ox ±0.1% Qox (M−1 cm−2)sa
±0.6%
Rox (k cm2)
±1.7%
6 0.90 30  330
10  0.91 26 388
17 0.92  23 443
with those observed in  aerated medium. Rox values obtained after
the cathodic pre-treatment are small compared to those obtained
for the two other conditions and they did not significantly change
with immersion whereas the values of  Qox are comparable to  those
obtained in  the deaerated medium. This indicates that the passive
film formed in  the electrolyte (after cathodic polarisation) is  dif-
ferent from the film formed in  the air and then exposed to  the
electrolytic solution. The values of  Rt are also dependent on the
experimental conditions. From 2 h to 17 h,  Rt increased from 260
to 1700 k cm2 when the electrode was not submitted to  cathodic
polarisation and from 110 to 700 k cm2 when the oxide film was
developed in the solution after cathodic polarisation.
Then, impedance measurements were performed in  the anodic
and cathodic domains to validate the impedance analysis at the
corrosion potential. These measurements were only obtained in
aerated medium without a  preliminary polarisation at −1 V/SCE.
Fig. 8  shows impedance diagrams obtained on the stainless steel
for two  anodic potentials: −0.2 V/SCE (close to Ecorr)  and +0.4 V/SCE
(on  the passivity plateau). The time constant in the high-frequency
range was shifted towards higher frequencies and the time con-
stant in  the low-frequency range disappeared when the potential
increased. The values obtained for the parameters associated to the
high-frequency loop are reported in Table 4. It can be seen that Rox
increased and Qox decreased when the potential became increas-
ingly anodic. These results can be explained by  a  thickening of the
oxide film by the anodic polarisation and confirm the attribution
of the high-frequency time constant to  the passive film response.
Two impedance diagrams obtained in the cathodic range (Fig. 9)
show that the two  time constants are modified and the impedance
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Fig. 8. Electrochemical impedance diagrams obtained in the anodic domain, after
17  h  of  immersion at  Ecorr (aerated solution).
Table  4
Fitted parameters values obtained for the  martensitic stainless steel after 17  h of
immersion and for different anodic potentials (aerated solution).
Applied potential
(V/SCE)
˛ox ±0.3% Qox (M−1 cm−2)sa
±1%
Rox (k cm2)
±1.5%
−0.2  0.89 84 270
0 0.90 70 400
+0.1  0.91 50 420
+0.2  0.92 39 483
+0.4  0.92 33 782
101
102
103
104
105
106
-80
-60
-40
-20
0
10-3 10-2 10-1 100 101 102 103 104 105
-0.3 V/SCE
-0.8 V/SCE
fit result
Im
p
e
d
a
n
c
e
 m
o
d
u
lu
s
 /
 Ω
 c
m
2
P
h
a
s
e
 a
n
g
le
 / d
e
g
re
e
Frequency / Hz
Fig. 9. Electrochemical impedance diagrams obtained in the cathodic domain, after
17 h of immersion at Ecorr (aerated solution).
modulus strongly decreases when the potential becomes more
cathodic. The values obtained for the parameters associated to the
high-frequency loop are  reported in  Table 5 for different cathodic
potentials. It can be seen that the values of  Qox increase and Rox
decrease when the  potential decreases. The significant modification
of the two parameters can be explained by  the progressive reduc-
tion of the oxide film in agreement with the polarisation curves
(Fig. 2).
3.3. XPS analyses
Fig. 10 shows the X-ray photoelectron spectra of O1s, Fe2p3/2
and Cr2p3/2 for the martensitic stainless steel passive film formed
in contact with air. Similar spectra were obtained for the stain-
less steel surface after immersion in  the aerated solution with or
without previous cathodic polarisation of  the electrode.
The parameters used for the deconvolution of  the experimen-
tal XPS spectra and the atomic percent of  the species constituting
the passive films are reported in  Table 6.  The films are mainly
composed of  oxides (FeO, Fe2O3 and Cr2O3),  hydroxides (FeOOH
and Cr(OH)3)  and contaminants (C  O) (Fig. 10). It is  known that
the Fe3+ contribution from Fe2O3 and Fe3O4 is difficult to  identify
on XPS spectra [14,22] and a global value for the two  iron oxides
was considered. It can be noted that after immersion in  the elec-
trolyte, ions from the solution (sodium and sulphur only) were
Table 5
Fitted parameters values obtained for the martensitic stainless steel after 17  h  of
immersion and for different cathodic potentials (aerated solution).
Applied potential
(V/SCE)
˛ox ±0.2% Qox(M−1 cm−2)sa
±1%
Rox (k cm2)
±5%
−0.3  0.85 110 38
−0.4  0.85 122 34
−0.5  0.84 127 27
−0.6  0.80 140 5
−0.8  0.81 140 3
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Fig. 10. Experimental and fitted O1s, Fe2p3/2 and Cr2p3/2 XPS spectra of martensitic
stainless  steel only in contact with air.
detected. The presence of molybdenum and nickel is  also observed
for the two immersed samples with similar atomic percent con-
tent. Fe/Cr ratios were calculated from XPS data (Table 6). For the
film  formed in  contact with air, the Fe/Cr ratio is the highest (7.2).
After immersion in the aerated solution, the ratio decreases to  1.5.
Thus, the film is impoverished in iron oxides and hydroxide and
enriched in chromium oxide and hydroxide after immersion in the
electrolyte. This modification can be  explained by the partial dis-
solution of  the iron species present in  the film during immersion
[10,17,40]. The film formed in  the electrolyte after the cathodic
Table  6
Parameters used for deconvolution of XPS spectra for the main species present in the passive films, atomic percent (%) of  the films composition and Fe/Cr ratio obtained for
the  three systems.
Components Film formed in contact with air Film formed in aerated solution at Ecorr Film formed after cathodic polarisation then
immersed in aerated solution at Ecorr
Binding energy (eV) FWHMa (eV) (%) Binding energy (eV) FWHMa (eV) (%) Binding energy (eV) FWHMa (eV) (%)
Fe0 706.5 1.2 4.0  706.6 1.2 3.4  706.5  1.2 2.2
FeO 709.5  2.0 13.6  709.6 2.0 5.4  709.6  2.0  8.5
Fe2O3 711.1  2.0 11.4  711.1 2.0 5.0  711.0 2.0  8.1
FeOOH  712.5  2.0 2.5  712.5 2.0 0.9  712.6 2.0  1.9
Satellite  peak 714.8  2.9 2.4  714.7 2.9 0.7  714.7 2.8 1.4
Cr0 574.1  1.4 0.9  573.9 1.2 0.7  573.8 0.4 0.4
Cr2O3 576.1 1.8 2.4  576.1 4.5 4.5  576.1 1.9 2.3
Cr(OH)3 577.5  1.8 1.4  577.5 1.8 3.2  577.5 1.9 1.6
Mo3d5/2 232.7  4.5 0.7  232.7 4.5 1.1  232.7 4.5 1.0
Ni2p3/2 – – –  852.7 1.2 0.6  852.6 0.9 0.2
O2− 530.2 1.3 45.2  530.2 1.3 32.9  530.2  1.3 37.1
OH− 531.2  1.4 6.3  531.4 1.4 6.9  531.2 1.4 5.9
S2p3/2 – – –  169.2 1.9 4.4  169.8 1.9 2.4
Na1s  – – –  1072.0 1.8 11.6  1072.6  1.9 6.2
Contaminants 9.2 18.7  20.8
Total  (%) 100 100 100
Fe/Cr ratio 7.2 1.5 4.7
G/L: ratio of  Gaussian and Lorentzian function (G/L = 0.3 for deconvolution of Cr2p3/2 XPS spectrum, 0.5  for deconvolution of  Fe2p3/2 and O1s  XPS spectrum).
a FWHM: full width at half maximum.
polarisation is enriched in iron oxides and hydroxide and impov-
erished in chromium oxide and hydroxide (Fe/Cr ratio =  4.7) by
comparison with the sample immersed in the aerated solution
(Fe/Cr ratio =  1.5). As  previously mentioned, the cathodic polari-
sation led to a surface totally active for the cathodic reaction thus
facilitating iron oxidation (Fe2+ species) when the electrode was
held at the corrosion potential for 17 h, explaining the significant
quantity of  iron oxides and hydroxide in the passive film for this
experimental procedure.
A procedure to estimate the film thicknesses was used, similar
to that reported by  several authors [13,17,40]. An average thick-
ness of  3  nm was obtained for the three experimental conditions.
It must be underline that, before the introduction of the samples in
the XPS chamber, the passive films formed in the electrolyte can be
modified during air  exposure, and the estimated thickness for the
film formed during air  exposure cannot be directly compared with
the thickness of  the films developed in the electrolyte at the cor-
rosion potential. This is  confirmed by  the XPS data (Table 6) which
revealed that the films formed in  the solution are composed of  addi-
tional species coming from the electrolyte or  of  contamination. As
a  consequence, the XPS results must be considered carefully to be
compared with the electrochemical results.
4. Discussion
The impedance diagrams obtained on the martensitic stain-
less steel in aerated electrolyte were characterised by  two time
constants which were more or less distinct depending on the
Fig. 11. Schematic illustration of the passive films  formed under different conditions based on impedance results and XPS analyses (films composition).
experimental procedure. The high-frequency time constant was
attributed to  the properties of the oxide film. The magnitude of
the Rox values could be linked to  the film composition, whereas
Qox could be indicative of  the film thickness. The low-frequency
time constant was attributed, in aerated conditions, to the charge
transfer process [26,31]. In  deaerated medium, the charge trans-
fer process was limited, due to  the lack of oxygen, and the
impedance diagrams characterised the passive film only. These
different points validate the two proposed equivalent circuits to
analyse the impedance data (Fig. 7). In deaerated medium, Rox and
Qox slowly evolved with immersion time (Table 3) and the values
of Rox were high (300–400 k cm2) compared to those measured
for the other conditions. This suggests that the film formed in  air
was only  slightly modified in the electrolyte due to  the absence of
oxygen. In deaerated condition, the oxide film is thought to remain
close to that formed in air (composition and thickness). In contrast,
in aerated conditions, the passive film formed in  air was progres-
sively modified during the immersion. The values of Roxwere lower
and Qox higher (Table 1) than in deaerated medium (Table 3). Thus,
the passive film developed in aerated solution is assumed to be
thinner than the film formed in deaerated medium. The film grown
in solution after the cathodic polarisation appeared strongly differ-
ent as underlined by  the value of  Rox (Table 2). XPS results revealed
a high iron oxides and hydroxide content due to  higher corrosion
of the stainless steel. This film is less protective as underlined by
the  high passivity current and the pitting potential which was less
anodic than for the two other conditions (Fig. 3). The significant
shift of  Ecorr in  the anodic direction (Fig. 1,  curve C) can thus be
explained by the  cathodic currents which are higher because the
surface is more active after the removal of  the oxides (Fig. 2).
In aerated condition, without the pre-polarisation of  the sur-
face, the values of  Rt were high and increased significantly with
immersion time (Table 1). The passive layer, enriched in chromium
oxide and hydroxide (Fe/Cr ratio =  1.5), impedes the charge transfer
process and thus explain the increase of Rt with immersion time.
In contrast, the lower values of Rt for the sample with preliminary
cathodic polarisation (Table 2) corroborates the higher corrosion
rate and the fact that the layer was enriched in  iron oxides and
hydroxide and impoverished in  chromium oxide and hydroxide
(Fe/Cr ratio = 4.7). Fig. 11  presents a schematic illustration of the
passive films formed under the different conditions to summarise
the different points discussed above.
In  conclusion, from the data reported in Tables 1,  2  and 3  it can
be emphasised that in  deaerated medium, the passive film confers
high protection to  the stainless steel and the film was only slightly
modified with immersion time. When the film formed in  air was
exposed to the aggressive solution, an  improvement of its protec-
tive effect was observed with increasing immersion time and the
corrosion resistance was also  high. Finally, after cathodic polarisa-
tion, the film grown in  the aggressive medium was less protective
as shown by the low Rox and Rt values, and also  by  the high passiv-
ity current (Fig. 3). It must also be  underlined that, independently
of the experimental procedure, the passive character of  the films
was shown by  the high values of Rox (Tables 1 and 3) in spite of  the
low Cr content.
5. Conclusions
In this  work, the behaviour of  a  martensitic stainless steel
was studied by  electrochemical techniques and XPS analyses in
a neutral sodium chloride solution. Dissolved oxygen plays an
important role on the formation and/or modification of  the passive
film during immersion in  the electrolytic solution, at the corro-
sion potential. The two time constants, observed in the impedance
diagrams in  the high and low-frequency ranges, are attributed to
the oxide film and to the charge transfer, respectively. The results
obtained in the anodic and cathodic ranges combined with the XPS
analyses corroborate the impedance results at the corrosion poten-
tial. The equivalent circuits used to  analyse the impedance data
provided quantitative information on the stainless steel/passive
films/electrolyte interfaces. However, the CPE behaviour observed
in the impedance response of  the passive films should be  better
interpreted to give a  physical meaning for the passive film response.
Following studies will focus on crevice corrosion using a  thin-layer
cell [41].
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